In healthy volunteers, we performed two randomized, single ascending-dose studies of REGN727 administered either intravenously (40 subjects) or subcutaneously (32 subjects), as compared with placebo. These studies were followed by a randomized, placebo-controlled, multiple-dose trial in adults with heterozygous familial hypercholesterolemia who were receiving atorvastatin (21 subjects) and those with nonfamilial hypercholesterolemia who were receiving treatment with atorvastatin (30 subjects) (baseline LDL cholesterol, >100 mg per deciliter [2.6 mmol per liter]) or a modified diet alone (10 subjects) (baseline LDL cholesterol, >130 mg per deciliter [3.4 mmol per liter]). REGN727 doses of 50, 100, or 150 mg were administered subcutaneously on days 1, 29, and 43. The primary outcome for all studies was the occurrence of adverse events. The principal secondary outcome was the effect of REGN727 on the lipid profile. I n 2003, Abifadel and colleagues 1 described two families with autosomal dominant hypercholesterolemia that was associated with gain-of-function mutations in proprotein convertase subtilisin/kexin 9 (PCSK9), one of the serine proteases. These patients had high plasma levels of low-density lipoprotein (LDL) cholesterol, which was associated with an increased incidence of coronary heart disease. Shortly thereafter, studies of animal models identified a role for PCSK9 in the post-translational regulation of LDL-receptor activity. 2,3 PCSK9, which is synthesized primarily in the liver, enters the circulation, where it binds to hepatic LDL receptors and targets them for degradation. This process reduces the capacity of the liver to bind and remove LDL cholesterol and results in increased LDL cholesterol levels. Subsequent studies revealed that some patients with low levels of LDL cholesterol had PCSK9 loss-offunction mutations [4] [5] [6] [7] and showed that these patients had a reduced incidence of coronary heart disease. 8 These studies raised the possibility that pharmacologic inhibition of PCSK9 might lower LDL cholesterol levels in patients with hypercholesterolemia.
REGN727/SAR236553 (REGN727) is an investigational, fully human monoclonal antibody that is highly specific for human PCSK9 and blocks its interaction with the LDL receptor. We report here the results from the initial studies of REGN727 in humans.
Me thods

Study Designs
We performed three separate clinical studies of REGN727. Two were studies of single doses of REGN727, administered either intravenously or subcutaneously, in healthy volunteers. The third study was a multiple-dose study of subcutaneously administered REGN727 in subjects with either familial or nonfamilial hypercholesterolemia.
These studies were sponsored by Regeneron Pharmaceuticals and Sanofi. The single-dose studies were designed by Regeneron Pharmaceuticals, and the multiple-dose study was jointly designed by the first author and Regeneron Pharmaceuticals. The study protocols were approved by the investigational review board at each study center, and all subjects provided written informed consent. Data were collected at the study sites by several of the coauthors and were analyzed by representatives of Regeneron Pharmaceuticals. The first draft of the manuscript was jointly written by the first author and a representative of Regeneron Pharmaceuticals, with review and revision by the other authors. Editorial assistance was provided by an employee of the PharMed Group who was paid by Regeneron Pharmaceuticals. The first author and Regeneron representatives made the decision to submit the manuscript for publication. The academic authors vouch for the accuracy and completeness of the data and analyses as presented and for the fidelity of this report to the trial protocols, which are available with the full text of this article at NEJM.org.
Single-Dose Studies
For the single-dose studies, 40 subjects were enrolled in the group receiving intravenous REGN727 and 32 were enrolled in the group receiving subcutaneous REGN727. All subjects were healthy men and women between the ages of 18 and 65 years with a body weight ranging from 50 to 95 kg and a body-mass index (the weight in kilograms divided by the square of the height in meters) ranging from 18 to 30. All subjects had a serum LDL cholesterol level of more than 100 mg per deciliter (2.59 mmol per liter). The use of nonstudy agents to alter lipid levels was prohibited. Detailed enrollment criteria are provided in the Supplementary Appendix, available at NEJM.org.
In the single-dose study involving intravenous administration, an initial group of eight subjects was randomly assigned in a 3:1 ratio to receive either REGN727 at the lowest tested dose (0.3 mg per kilogram of body weight in six subjects) or placebo (in two subjects). After safety assessment, the dose of REGN727 was increased sequentially (to 1.0, 3.0, 6.0, and 12.0 mg per kilogram) in four further 3:1 randomized comparisons with placebo, with eight subjects in each group (Fig. S1A in the Supplementary Appendix). The single-dose study of subcutaneous administration had a similar design but included four sequential-dose groups receiving 50, 100, 150, and 250 mg (Fig. S1B in the Supplementary Appendix). These studies were conducted at two contract research organizations, Quintiles in Overland Park, Kansas (for intravenous and subcutaneous administration), and Comprehensive Phase One in Miramar, Florida (for subcutaneous administration).
All subjects in the single-dose studies were required to remain at the research facility for ob-T h e n e w e ng l a n d j o u r na l o f m e dic i n e n engl j med 366;12 nejm.org march 22, 2012 1110 servation for 3 days after receiving a study drug. Blood was drawn for evaluation of serum lipid levels at baseline and at days 1, 2, 4, 8, 11, 15, 22, 29, 43, 64, 85 (intravenous administration only), and 106. Safety assessments that were performed on the same days included an evaluation of vital signs, a physical examination, blood tests, and electrocardiography. Details of the laboratory measurements are provided in the Supplementary Appendix.
Multiple-Dose Study
The multiple-dose study included three separate cohorts of subjects. The first cohort consisted of 21 subjects with heterozygous familial hypercholesterolemia (Fig. S1C in the Supplementary Appendix), and the second cohort consisted of 30 subjects with nonfamilial hypercholesterolemia (Fig.  S1D in the Supplementary Appendix). All subjects in these two cohorts were receiving atorvastatin therapy and had an LDL cholesterol level of more than 100 mg per deciliter. The third cohort consisted of 10 subjects with nonfamilial hypercholesterolemia who were being treated with a modified diet only and who had an LDL cholesterol level of more than 130 mg per deciliter (3.36 mmol per liter) (Fig. S1E in the Supplementary Appendix). All subjects in the multiple-dose study were between the ages of 18 and 65 years, had a bodymass index of 18 to 35, and did not have diabetes or a known atherosclerotic vascular disease. Additional enrollment criteria are provided in the Supplementary Appendix.
Subjects in the multiple-dose study were randomly assigned to receive subcutaneous REGN727 (50, 100, or 150 mg) or placebo administered on days 1, 29, and 43. All three regimens were designed to provide a 4-week safety observation period between the first and second doses of REGN727 and to assess the pharmacodynamic effects of REGN727 at time points 2 weeks after administration (on study days 15, 43, and 57) and 4 weeks after administration (on study days 29 and 71). The multiple-dose trial was carried out at the Metabolic and Atherosclerosis Research Center in Cincinnati and the New Orleans Center for Clinical Research in Knoxville, Tennessee.
All subjects in the multiple-dose study were required to remain at the research facility for observation for 2 days after receiving the first dose of a study drug and for 2 hours after receiving the second and third doses. Serum lipid levels were evaluated at screening and 2 days before the administration of a study drug (for subjects receiving atorvastatin only), 1 day before administration, and on days 1, 2, 3, 8, 15, 29, 43, 57, 71, 85, 99, 120, and 148 after administration. Safety assessments that were performed on the same days included an evaluation of vital signs, a physical examination, blood tests, and electrocardiography. Details of the laboratory measurements are provided in the Supplementary Appendix.
Statistical Analysis
The primary end point for all three studies was the incidence and severity of treatment-emergent adverse events. The safety population for this purpose included all subjects in each study who had received at least one dose of a study drug. Secondary end points included the relative and absolute change in measured and calculated serum LDL cholesterol, total cholesterol, and other serum lipid and lipoprotein levels from baseline to each visit.
Results for all subjects in the placebo groups were pooled within each of the single-dose studies. In the multiple-dose study, results for all subjects in the placebo groups were pooled for each study cohort (subjects with heterozygous familial hypercholesterolemia or nonfamilial hypercholesterolemia receiving statin therapy and subjects with nonfamilial hypercholesterolemia receiving a modified diet only). Missing values were imputed with the last observation carried forward (in five subjects in the single-dose study of intravenous administration, six subjects in the single-dose study of subcutaneous administration, and no subjects in the multiple-dose study). In the multiple-dose study, the results on study day 57, the point at which the effects of administration at a biweekly interval could be observed, were chosen to compare the lipid and lipoprotein effects.
In the single-dose studies, the enrollment of six subjects per dose group was estimated to provide a power of at least 80% to detect a mean (±SD) difference of 30±15% between REGN727 and placebo in the mean percent change in LDL cholesterol from baseline, with a two-sided test at a significance level of 0.05. In the multipledose study, comparing the pooled group of six placebo-treated subjects with familial hypercholesterolemia with the five who received REGN727
The in each dose group was also estimated to provide a power of at least 80% to detect a treatment difference of 30±15% on the basis of similar assumptions. Effects of treatments on efficacy variables were assessed with the use of analysis-of-covariance models, with the study group as the fixed effect and the relevant baseline value as a covariate. Least-squares means of differences between the treatment group and the placebo group, 95% confidence intervals, and P values for comparison between the treatment group and the placebo group according to visit were obtained within the framework of analysis of covariance. For values for triglycerides and lipoprotein(a), a rank-based analysis of covariance was used. Categorical variables were analyzed with the use of Fisher's exact test. A P value of 0.05 was considered to indicate statistical significance. No adjustments were made for multiple comparisons.
R e sult s
Study Populations
Enrollment and outcomes for subjects in all three studies are summarized in Figure S1 in the Supplementary Appendix. For the single-dose studies, 40 and 32 subjects were enrolled in the intravenous and subcutaneous studies, respectively. For the multiple-dose study, 21 subjects with heterozygous familial hypercholesterolemia and 41 subjects with nonfamilial hypercholesterolemia were enrolled. One subject with nonfamilial hypercholesterolemia who was randomly assigned to receive REGN727 did not receive the drug owing to poor venous access for the required pharmacokinetic sampling. Baseline characteristics of the subjects in the three studies are provided in Table 1 .
Safety
Two subjects in the single-dose studies had serious adverse events: a 33-year-old man receiving intravenous placebo, who had abdominal pain and rectal bleeding on study day 83, and a 19-year-old man with a history of appendectomy receiving 50 mg of subcutaneous REGN727, who had a small-bowel obstruction that was diagnosed on study day 75.
In the single-dose intravenous study, a 54-yearold man who received 12 mg per kilogram of REGN727 had a slightly elevated total bilirubin level at screening and throughout most of the trial (highest value, 2.5 mg per deciliter [43 μmol per liter] on day 15). Also, a 26-year-old man who received 0.3 mg of REGN727 per kilogram had a transient elevation of serum creatine kinase to more than 10 times the upper limit of the normal range (highest value, 5382 U per liter on day 22, with a return to less than 3 times the upper limit of the normal range on study day 43) in temporal proximity to strenuous physical exercise; there was no associated muscle pain or serum creatinine elevation. No subject in the singledose trials discontinued participation early because of an adverse event.
In the multiple-dose study, no subject had a serious adverse event, and all subjects completed all visits. No subject receiving REGN727 in any of the three studies had an elevation of aspartate aminotransferase or alanine aminotransferase to more than 3 times the upper limit of the normal range or an increase in creatinine to more than 1.7 mg per deciliter (150 μmol per liter). Also in this study, among subjects who received REGN727, 5 of 39 subjects (13%) who were also receiving atorvastatin had creatine kinase levels that were more than 3 times the upper limit of the normal range, but none had levels that were more than 10 times the upper limit of the normal range; of the 8 subjects who were not receiving atorvastatin, none had such increased levels. Among subjects who received placebo, creatine kinase levels of more than 3 times the upper limit of the normal range occurred in 0 of 12 subjects who were receiving atorvastatin and in 2 of 2 subjects who were not receiving atorvastatin. There were a few injection-site reactions, which were mild.
The proportions of subjects who had at least one treatment-emergent adverse event were similar among subjects who received intravenous REGN727 and those who received placebo. As compared with subjects who received placebo, a higher proportion of subjects who received subcutaneous REGN727 had an adverse event in the single-dose and the multiple-dose studies. Headache was the most common adverse event. Additional safety data (treatment-emergent adverse events, clinical chemical analyses, and hematologic measurements) are provided in Tables S1 through S7 in the Supplementary Appendix.
Lipid and Lipoprotein Response
Single administration of intravenous or subcutaneous REGN727 in healthy volunteers resulted in a least-squares mean difference in the change from baseline in LDL cholesterol of up to 65 percentage points, as compared with placebo (Table 2 and Fig. 1 ). The degree and duration of LDL cholesterol lowering were dose-dependent, with higher doses producing prolonged reductions that were sustained up to day 64 (Fig. 1) .
In the multiple-dose study, REGN727 doses of 50, 100, and 150 mg reduced measured LDL cholesterol in the combined atorvastatin-treated populations to 77.5 mg per deciliter (2.00 mmol per liter), 61.3 mg per deciliter (1.59 mmol per liter), and 53.8 mg per deciliter (1.39 mmol per liter), for a difference in the change from baseline of −39.2, −53.7, and −61.0 percentage points, respectively, as compared with placebo (P<0.001 for all comparisons) (Table S8 in the Supplementary Appendix). The degree and duration of LDL cholesterol reduction in the different dose groups corresponded to the reduction of free PCSK9 in plasma (Fig.  S2 in the Supplementary Appendix). The mean difference in the change from baseline in LDL cholesterol, as compared with placebo, exceeded −46 percentage points 2 weeks after first administration of 150 mg in all three cohorts studied (Table 3 and Fig. 2 ). All but one patient (who had heterozygous familial hypercholesterolemia and was receiving atorvastatin) who received 150 mg in the multiple-dose study had a difference in the change from baseline in LDL cholesterol of at least −40 percentage points, as compared with placebo ( Fig. S3C in the Supplementary Appendix) .
The LDL cholesterol response was similar in all subjects, regardless of whether they had familial or nonfamilial hypercholesterolemia or whether they were treated with atorvastatin or with a modified diet alone. Corresponding changes were observed in levels of total and non-high-density lipoprotein (HDL) cholesterol and apolipoprotein B, and reductions were also observed in lipoprotein(a) (Tables S8 through S10 and Fig. S4 through S8 in the Supplementary Appendix). In addition, as compared with placebo, increases were seen in both HDL cholesterol (up to 18 percentage points) and apolipoprotein A1 (up to 13 percentage points) in subjects taking atorvastatin.
Discussion
In three early-phase randomized trials, we evaluated the effects of REGN727, a monoclonal antibody that blocks the interaction of PCSK9 with LDL receptors. In all three trials, REGN727 significantly reduced LDL cholesterol levels, as compared with placebo. This effect was significant both in healthy volunteers and in subjects with familial or nonfamilial forms of hypercholesterolemia. The effect was also significant in subjects who were concomitantly taking atorvastatin.
Our results confirm a role for PCSK9 in the regulation of LDL cholesterol levels. In addition, the demonstration of a good correlation between a reduction in free PCSK9 levels and a reduction in LDL cholesterol levels after the administration of REGN727 in humans supports previous reports from studies involving rodents and nonhuman primates that PCSK9 in the circulation, not intracellular PCSK9, is primarily responsible for regulating hepatic LDL receptors. 10, 11 In our studies, the effects of REGN727 and atorvastatin in lowering LDL cholesterol appeared to be additive, not synergistic, since mean percent reductions were similar when REGN727 was administered alone or in subjects already receiving atorvastatin. Although REGN727 and atorvastatin both lower LDL cholesterol by increasing hepatic LDL-receptor activity, atorvastatin does so primarily by enhancing the production of receptors, whereas REGN727 decreases the degradation of receptors. REGN727 induced a maximum lowering of LDL cholesterol within 2 weeks, whereas statins typically take longer. 12 The different modes of action of these agents may account for the more rapid effect seen with REGN727.
Statins increase the expression of sterol regulatory element-binding protein 2, a transcription Thus, the rate of destruction of LDL receptors appears to be an important determinant of LDL cholesterol levels. Statin-stimulated production of PCSK9, while not apparently altering the maximum LDL-lowering effect, might affect the duration of action of therapeutic antibodies because higher rates of PCSK9 production may result in greater clearance of free antibody. Thus, the duration of action of REGN727 may be longer in subjects who are treated with diet modification alone than in those treated with atorvastatin ( Fig. 2C and 2D ). As might be anticipated with an agent that significantly reduces LDL cholesterol, REGN727 also significantly reduced apolipoprotein B levels. In subjects receiving both REGN727 and atorvastatin, there was a significant increase in HDL cholesterol levels. A reduction in lipoprotein(a) was also seen, although this effect was not significant at all doses. Other agents that up-regulate LDL receptors, such as statins and bile acid sequestrants, also raise HDL cholesterol levels, possibly by reducing the transfer of cholesterol from HDL to LDL particles. However, none of these drugs reduce levels of lipoprotein(a), which is not thought to be cleared through LDL receptors. 16 The explanation for a possible effect on lipoprotein(a) is thus uncertain, and additional work is required to confirm and explain this observation.
In our trials, we saw no clear evidence of drugrelated adverse events. Five subjects in the multipledose trial who were receiving REGN727 with concomitant atorvastatin had brief elevations in creatine kinase to more than three times the upper limit of the normal range. Given the small number of subjects and the short duration of exposure, our ability to evaluate the safety profile of REGN727 in these trials was limited. Additional studies will be required to make a clearer assessment of this agent for potential adverse effects.
In summary, we evaluated the effects of REGN727, a fully human monoclonal antibody that blocks the interaction of PCSK9 with LDL receptors. In three small early-phase trials, REGN727 significantly reduced LDL cholesterol levels. This effect was significant both in healthy volunteers and in subjects with familial or nonfamilial forms of hypercholesterolemia. The effect was also significant in subjects who were concomitantly taking atorvastatin. Copyright © 2012 Massachusetts Medical Society. All rights reserved.
